Evidence for charged critical behavior in the pyrochlore superconductor RbOs206 
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We analyze magnetic penetration depth (A) data of the recently discovered superconducting py- 
rochlore oxide RbOs206. Our results strongly suggest that in RbOs206 charged critical fluctuations 
dominate the temperature dependence of A near Tc. This is in contrast to the mean-field behavior 
observed in conventional superconductors and the uncharged critical behavior found in nearly opti- 
mally doped cuprate superconductors. However, this finding agrees with the theoretical predictions 
for charged criticality and the charged criticality observed in underdoped YBa2Cu3 06.59. 

Transition metal (TM) oxides are of considerable interest because their properties range from metal-insulator 
transitions to colossal magnetoresistance and superconductivity. TM oxide compounds with the pyrochlore structure 
have long been studied and have found many applications [1], but it is not until recently that superconductivity was 
discovered in one such a material, namely Cd2Re2 07 at Tc « 1 K [2-4]. Subsequently, superconductivity was also 
discovered in the pyrochlore oxides KOS2O6 {Tc ~ 9.6 K) [5], RbOs206 with (Tc « 6.3 K) [6] and CSOS2O6 with 
(Tc ~ 3.3 K) [7]. Although the Tc's are rather low the discovery of superconductivity in the pyrochlore oxides opens 
research in this area to a new class of materials and raises, of course, the question of the underlying mechanism. 
Based on a Cd and Re NMR/NQR study Vyaselev et al. [8] concluded that Cd2Re207 behaves as a weak-coupling 
BCS superconductor with a nearly isotropic gap, in agreement with specific heat measurements [9]. On the other 
hand, Koda et al. [10] interpreted their penetration depth measurements on KOS2O6 in terms of unconventional 
superconductivity, while the recent specific heat [11], magnetization, muon-spin-rotation (/iSR) measurements of the 
magnetic penetration depth [12,13], and the pressure effect measurements [12] on RbOs206 reveal consistent evidence 
for mean-field behavior, except close to Tc, where thermal fluctuations are expected to occur. Hence, a careful study of 
the thermodynamic properties of these materials close to Tc should allow to discriminate between mean-field, charged 
and uncharged critical behavior. 

In this work, we focus on RbOs206 and analyze the extended measurements of the temperature dependence of 
the magnetic penetration depth A [13]. Our results strongly suggest that RbOs206 falls in the universality class of 
charged superconductors because charged critical fluctuations are found to dominate the temperature dependence of 
A near Tc. It differs from the mean-field behavior observed in conventional superconductors and the uncharged critical 
behavior found in nearly optimally doped cuprate superconductors [14-18], but agrees with the theoretical predictions 
for charged criticality [19-23] and the charged critical behavior observed in underdoped YBa2Cu3 6.59 [24]. 

As long as the effective dimensionless charge e = ^/A = 1/k [14] is small, where k is the Ginzburg-Landau 
parameter, the crossover upon approaching Tc is initially to the critical regime of a weakly charged superfluid where the 
fluctuations of the order parameter are essentially those of an uncharged superfluid [14-18]. However, superconductors 
with rather low Tc's and far away from any quantum critical point are expected to exhibit mean-fleld ground state 
properties. In this case the Ginzburg-Landau parameter scales with the specific heat coefficient 7 as k oc A^ (0) ^J^Tc 
[25]. Thus, the superconducting pyrochlores, with rather low Tc's and moderate 7 and A (0) values appear to open 
up a window onto the charged critical regime. 

Here we concentrate on the analysis of the magnetic penetration depth data derived from Meissner fraction mea- 
surements [13]. These data are in excellent agreement with the /xSR measurements [12,13] and sufficiently dense to 
explore the critical behavior near Tc. As required for the determination of the magnetic penetration depth A from 
the Meissner fraction measurements the sample was ground in order to obtain small grains [13]. Assuming spherical 
grains of radius K their size distribution was deduced from SEM (scanning electron microscope) photographs. The 
resulting particle size distribution N (R) is shown in Fig. 1 . 
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FIG. 1. Grain size distribution A*' (R) of our RbOs206 sample taken from Khasanov et al. [13]. The solid line is a fit to the 
log- normal distribution [26]. 

The data for the temperature dependence of the penetration depth was deduced by Khasanov et al. [13] from the 
measured Meissner fraction /(T) by using the Shoenberg formula [27] modified for the known grain size distribution 
[28], 

where g {R) = N (R) R'^ is the fraction distribution. 

In Fig. 2 we depicted the resulting data in terms of (dlnX/dT)^^ vs. T. In a homogeneous and infinite system A 
diverges as 

\^\o\t\-'^ , t^T/T,-l, (2) 

where i7 = 1/2 for a conventional mean-field superconductor, v — l/Z when uncharged thermal fluctuations dominate 
[14-17] and v = 2/i when the charge of the pairs is relevant [19-23]. Furthermore, when charged fluctuations dominate 
the penetration depth and the correlation length are near Tc related by [19-23] 

A = (3) 

contrary to the uncharged case, where A oc a/^- denotes the Ginzburg-Landau parameter. In the plot {dlnX/dT)~^ 
vs. T shown in Fig. 2 critical behavior is then uncovered if the data collapse close to Tc on a line with slope 
Interestingly enough the data points clearly to charged critical behavior (solid line with 1/? ~ 3/2), limited by a finite 
size effect due to the finite extent of the grains and/or inhomogeneities within the grains. Indeed, although charged 
criticality is attained there is no sharp transition, because ^ = A/k cannot grow beyond the limiting length L and 
with that A does not diverge at Tc- 
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FIG. 2. [dlnX/ dT)~^ with A in /im versus T for RbOs206 derived from the data of Khasanov et al. [13]. The sohd line 
with slope l/f ~ 3/2 corresponds according to Eq. (2) to charged criticality with Tc — 6.52 K, while the dashed line indicates 
mean-field behavior (l/i^ — 2) and the dotted one 3D-XY critical behavior (l/i^ — 3). 

To explore the evidence for charged critical behavior and the nature of the finite size effect further, we displayed 
in Fig. 3 1/Xab and d{l / Xab) / dT vs. T. The solid line is Eq. (2) with = 6.52 K, Ao = 0.212 and ? = 2/3, 
appropriate for charged criticality, and the dashed one its derivative. Approaching Tc of the fictitious homogeneous 
and infinite system the data reveals clearly a crossover to charged critical behavior, while the tail in l/X vs. T around 
Tc points to a finite size effect, because dX/dT does not diverge at Tc but exhibits at Tp ~ 6.48 K an extremum. For 
this reason 1/A(T) possesses an infiection point at Tp and the correlation length attains the limiting length L. 
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FIG. 3. 1/A and d{l/\)/dT vs. T for RbOs206 derived from the data of Khasanov et al. [13]. The solid line is Eq.2 with 
Tc = 6.52 K, Ao = 0.212 /im and v = 2/3, corresponding to the charged case, while the dashed line is the derivative. 

In this case the penetration depth adopts the finite size scaling form [29,30] 



X{T) = Xo\t\ "giy), y = sign{t) 



(4) 



with ~ 2/3 and ^ (Tp) = l^pl 
g{y^ -oo) = 1 and 5 (y -> +00) 
we obtain 



L. For t small and L ^ 00 the scaling variable tends to y 



cx), while for t = and L ^ 0, g {y 0) = go \y 
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±00 where 
In this limit 



(5) 



In Fig. 4 we displayed the finite size scaling function g (y) deduced from the measured data and the parameters 
emerging from the fits shown in Fig. 3. The solid line indicates the asymptotic behavior g {y 0) = go lyl^^^ with 
go = 0.92. The upper branch corresponding to T < Tc tends to g {\y\ — *■ 00) — 1, while the lower one referring to 
T > Tc approaches g{\y\ — > 00) — 0. Consequently, the absence of a sharp transition (see Figs. 2 and 3), is fully 
consistent with a finite size effect arising from a limiting length L, attributable to the finite extent of the grains 
and/or inhomogeneities within the grains. To disentangle these options we invoke Eq.(5) yielding with X(Tc,L) 
~ 6.45 /im, Aq w 0.212 /im and go = 0.92, L/^q w 33. An estimate of ^0 can be derived from the magnetic field 
dependence of the maximum of the specific heat coefficient [32]. As a remnant of the zero-field singularity, there 
is for fixed field strength a peak adopting its maximum at Tp (H) which is located below Tc. Tp (H) is given by 
(1 - Tp (H) /Tc)^^^ = (affCo) /*o, where a ~ 3.12. From the specific heat data of Briihwiler et al. [11] we derive 
^0 ~ 0.008 /im. Accordingly, L « 33^o ~ 0.26 fim. On the other hand, a glance to Fig.l shows that the grain size 
distribution of the RbOs206 sample exhibits a maximum at ~ 0.69 /tm and decreases steeply for smaller grains. Hence, 
the smeared transition is not attributable to the finite extent of the grains but most likely due to inhomogeneities 
within the grains. 
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FIG. 4. Finite size scaling function g (y) deduced from the measured data of Khasanov et al. [13] with — 6.52 K, Tp ~ 6.48 
K, Ao = 0.212 ^m and u — 2/3. The solid line indicates the asymptotic behavior g {y 0) = go \y\'^ with go = 0.92. 

In summary, we have presented an extended analysis of penetration depth data for RbOs2 06 near providing 
consistent evidence for charged critical behavior of the superconductor to normal state transition in type II super- 
conductors (kq > l/\/2)- The crossover upon approaching Tc is thus to the charged critical regime, while in nearly 
optimally doped cuprates it is to the critical regime of a weakly charged superfluid where the fluctuations of the order 
parameter are essentially those of an uncharged superfluid. However, there is the inhomogeneity induced finite size 
effect which renders the asymptotic critical regime difficult to attain [31-33]. Nevertheless, our analysis of the pene- 
tration depth data of RbOs2 06 provides remarkable consistency for critical fluctuations, consistent with the charged 
universality class, limited close to Tc of the fictitious infinite and homogeneous counterpart by a finite size effect 
predominantly due to inhomogeneities within the grains. Accordingly our analysis strongly suggests that RbOs206 is 
not a conventional mean-field superconductor because charged critical fluctuations dominate the temperature depen- 
dence of the penetration depth near T^. These fluctuations should also affect the specific heat [34] and the magnetic 
properties. However, more extended measurements near criticality are needed to uncover this behavior. 
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